Programmed cell death is a tightly regulated process that serves to eliminate unnecessary and͞or deleterious cell types in a variety of developmental, physiological, and pathological contexts. The most well studied form of programmed cell death is apoptosis, which is characterized by distinctive morphological and molecular changes that include cell shrinkage, membrane blebbing, chromatin condensation, and the generation of nucleosomal ladders (1) . Whereas a wide range of distinct signaling mechanisms can be used to elicit apoptosis, the cell death machinery itself appears to be highly conserved (reviewed in refs. 2-4). In Drosophila, genetic studies have shown that the 75C1,2 region of the third chromosome is essential for apoptosis, as deficiency strains that lack this region result in the blockade of essentially all embryonic cell deaths (5) . Three different genes that map in this region, reaper (rpr), head involution defective (hid), and grim, are involved in regulation of apoptosis (5) (6) (7) . These genes are all expressed in dying cells and can induce death in 75C1,2 deletion mutant embryos. In addition, ectopic expression of these genes results in stage-specific lethality and induces excess cell death in embryos and the adult eye (5) (6) (7) (8) (9) . rpr, hid, and grim all function upstream of one or more caspases, as their ability to induce cell death is blocked by caspase inhibitors, including the baculovirus anti-apoptosis protein, p35, and N-benzyloxycarbonylVal-Ala-Asp fluoromethyl ketone (6) (7) (8) (9) (10) . RPR is a small, 65-amino acid, protein which has homology to the cytoplasmic death domains of the vertebrate FAS and TNFR (tumor necrosis factor receptor) proteins, both of which play key roles in induction of apoptosis (5, 11, 12) . Death domains are also found in several other proteins which dimerize with FAS and͞or TNFR (13) (14) (15) . Alternately, HID and GRIM are both novel proteins that do not exhibit extensive homology to other known proteins. RPR, HID, and GRIM do all share a similar 14-amino acid stretch at their amino termini (6, 7) . The presence of these multiple closely linked cell death genes raises the question of whether they may functionally interact. For example, do these genes act combinatorially to regulate the elimination of individual cells, or do they each regulate the killing of distinct cells or cell types?
One cellular system that provides a useful model for addressing this issue is the central nervous system (CNS) midline of the Drosophila embryo. CNS midline cells derive from two stripes of mesectoderm in the blastoderm, which come together at the ventral midline during gastrulation and go on to generate a distinctive set of 6-8 CNS midline nerve cell precursor (CMP) cells per segment (16, 17) . These CMP cells later differentiate into approximately 25 neurons and glia (17, 18) . The midline cells play crucial roles in several distinct developmental events, including organization of the axon scaffold (16, 17) , differentiation of the ventral epidermis (19) , and migration of phagocytic macrophages (20) . Previous studies have shown that most of the developing midline glia die and are quickly phagocytosed by migrating macrophages, whereas none of the ventral unpaired median (VUM) neurons die during embryogenesis (20, 21) . 75C1,2 deficiencies, such as Df(3L)H99, that eliminate rpr, hid, and grim (5, 7), result in a blockade of all these deaths and an accumulation of ectopic glia (20, 21) . The relative contributions of rpr, hid, and grim in midline cell death have not yet been defined.
In this study we examine the specific functions of the rpr, hid, and grim genes in regulating midline cell death. We show that rpr and hid are expressed in midline cells that normally die and that hid, as well as rpr and grim, appears to be required for normal patterns of midline cell death. Ectopic midline expression of rpr or hid alone did not efficiently induce ectopic midline cell death during embryogenesis. In contrast, coexpression of both rpr and hid induced very rapid midline cell death, indicating synergistic actions between these two death regulators. Immunocytochemistry and in Situ Hybridization. Embryos were collected and processed for immunocytochemistry and in situ hybridization as described previously (20) . The monoclonal antibody BP102 (obtained from the Developmental Studies Hybridoma Bank) was used to visualize axon pathways and a mouse monoclonal anti-␤-galactosidase antibody (Promega) was used to detect lacZ expression. cDNA clones 13B2 (rpr) and 5A1B (hid) were used to generate single-stranded digoxigenin-labeled cRNA probes using the DIG RNA Labeling Kit (Boehringer Mannheim).
MATERIALS AND METHODS

Fly
Cell Counting and Statistical Analysis. Analysis of P[1.0slit-lacZ]-expressing midline cells in stage 16 wild-type embryos indicated no significant difference among segments T1 to A8. lacZ-expressing cells in segments T2, A1, and A5 were counted for individual wild-type and mutant embryos, and the mean of lacZ-expressing cells per segment was calculated for each embryo. Twelve embryos were counted for each genotype. Cell counting data were then analyzed using the Statistical Analysis System software (version 6.11; SAS Institute, Cary, NC).
For analysis of ectopic rpr and hid killing of midline cells, the number of lacZ-expressing cells was monitored in embryos bearing P[52A-Gal4], P[UAS-lacZ], P[UAS-rpr], and͞or P[UAS-hid]. For analysis of midline glia, the number of lacZ-expressing glia was determined in segments T2 and A5, while for analysis of the VUM neurons, cells in segments T1 to A8 were monitored. Because of the high number and close proximity of the labeled VUM neurons, calculations on the effects of ectopic rpr and hid expression were assessed by determining the number of segments in each embryo that had fewer than three lacZ-expressing VUM neurons. No differences were observed among segments T1 to A8 in the elimination of midline glia or neurons (n ϭ 10 embryos for each cross).
RESULTS
Both rpr and hid Are Expressed in Dying Midline Cells. It was previously shown (20, 21) that extensive cell death occurs among developing midline glia and that these deaths are blocked by 75C1,2 deficiencies that eliminate rpr, hid, and grim. These three genes each exhibit dynamic and complex patterns of expression in both dying and nondying cells throughout the embryo (5) (6) (7) . In this study we specifically analyzed the pattern of rpr and hid expression in CNS midline cells. This was accomplished by in situ hybridization of rpr and hid cRNA probes, derived from rpr and hid cDNA clones, to wild-type embryos.
The hid gene exhibited expression in many midline cells from stages 12-14 (Fig. 1A) . Interestingly, hid expression was largely restricted to midline cells that reside adjacent to a series of basement membrane midline pores through which phagocytic macrophages migrate and engulf dying midline cells. hid-expressing midline cells decrease in number after stage 14, and in stage 16 embryos few hid-expressing midline cells are detected (Fig. 1B) . This reduction in hid-expressing midline cells correlates well with the timing of normal midline cell death. In addition, use of P[52A-Gal4] and P[UAS-p35] strains (see Materials and Methods) to drive ectopic midline expression of p35, an anti-apoptotic protein (27, 28) , prevented the death of midline cells, resulting in ectopic hid-expressing cells along the dorsal surface of the nerve cord and alongside the midline pores (Fig. 1C) . This further suggests that hid is normally expressed in dying midline cells.
The midline expression of rpr was more restricted and difficult to detect. One or two rpr-expressing midline cells per segment were detected in stage 12 embryos, and we were unable to detect rpr expression in midline cells at later stages ( Fig. 1 D and E) . This might suggest a more transient function for rpr than hid in dying midline cells; however, no data are currently available regarding the translation pattern of the corresponding proteins. Strong midline rpr expression was detected in P[52A-Gal4]͞P[UAS-p35] embryos (Fig. 1F) , providing additional evidence that rpr, like hid, is normally expressed in dying midline cells. These ectopic rpr-expressing cells were located at the same positions as the ectopic hidexpressing cells, suggesting that at least some of these rescued cells express both genes. We also examined rpr expression in Df(3L)X25 embryos, where hid and grim but not rpr are removed (7) . These embryos exhibited blockade of many, though not all, midline cell deaths (see below). In Df(3L)X25 mutant embryos there was an accumulation of ectopic rprexpressing midline cells (Fig. 1 D and G) . However, there were still fewer rpr-expressing midline cells than in P[52A-Gal4]͞ P[UAS-p35] embryos. This result indicates that rpr alone was not sufficient for the normal pattern of midline cell death and suggests that hid and͞or grim functions are also required.
Normal Patterns of Midline Glial Death Require hid. To further address whether rpr, hid, and grim all function in midline cell death, we utilized a P[1.0slit-lacZ] marker chromosome (26) to examine development of the midline glia in a series of cell death mutations, including the following: Df(3L)H99, which eliminates rpr, hid, and grim (5-7); hid WRϩX1 and hid WRϩE6 null mutants (6); and Df(3L)X25 (see above). In stage 15 Df(3L)H99 mutant embryos there was a 3-fold increase in the normal number of lacZ-expressing midline glia measured in segments T2 and A5 (Fig. 2 and refs. 20 and 21) . In both hid WRϩX1 and hid WRϩE6 mutant embryos there was a 2-fold increase in the number of lacZ-expressing cells, indicating that hid is essential for many, but not all, midline cell deaths. Df(3L)X25 mutant embryos exhibited a slight increase in the number of lacZ-expressing midline cells compared with hid mutants, though there were still fewer lacZ-expressing cells than in Df(3L)H99 mutants (Fig. 2) . This suggests that rpr and grim are also essential for some midline cell deaths. Thus, the normal pattern of midline cell deaths may require the functions of all three of these death genes.
rpr and hid Cooperate to Kill Midline Cells. We then analyzed the ability of ectopic rpr and hid expression to kill midline cells that normally survive. Targeted expression of rpr and hid was achieved by crossing the P[52A-Gal4] strain to P
[UAS-rpr] and P[UAS-hid] strains. To visualize the developing midline neurons and glia, a P[UAS-lacZ] reporter was introduced into the strains containing P[UAS-rpr] and͞or P[UAS-hid] (see Materials and Methods).
Embryos were collected from several different crosses and stained by anti-␤-galactosidase immunocytochemistry. In embryos where two copies of either rpr or hid alone were targeted to the midline, most or all of the midline cells appeared normal (Fig. 3A-C) .
[In some embryos bearing two copies of P[UAS-rpr] there was a slight reduction of midline glia in a few segments (Fig. 3B , Table 1 ).] This analysis indicated that prolonged expression of rpr or hid alone was not sufficient to induce substantial apoptosis in embryonic CNS midline cells. In contrast, when one copy each of both P[UAS-rpr] and P[UAS-hid] were driven together by P[52A-Gal4], a striking loss of midline glia was detected (Fig. 3D) . Loss of midline glia was apparent by stage 12, 1-2 hr after ectopic expression of rpr and hid was first detected, and by stage 14 most of the midline glia were eliminated. Interestingly, the VUM neurons exhibited a greatly reduced sensitivity to the effects of rpr and hid coexpression, as these cells appeared normal in position, number, and morphology in most or all segments (Fig. 3D, Table 1 ).
These results suggest that rpr and hid can cooperate to induce ectopic midline cell death, since the simultaneous targeted expression of both genes produced a much stronger effect than expression of two copies of either gene alone. The onset of ectopic midline glial cell death is similar to the timing of normal midline glial cell death, and the weak effect on the VUM neurons is also consistent with the lack of death that normally occurs in these cells. To examine whether the effects of targeted rpr and hid expression in the midline cells is dosage sensitive, crosses were performed to generate embryos where two copies of P[UAS-rpr] and P[UAS-hid] were driven by P[52A-Gal4]. These embryos displayed a complete elimination of the midline glia and dramatic loss of VUM neurons ( Fig. 3E ; Table 1 ). This result indicates that all midline cells are capable of undergoing cell death, and it suggests that the midline neurons and glia may have different sensitivities to rpr and hid expression.
To determine whether the ectopic midline cell deaths occur by a caspase-dependent mechanism, we tested whether they could be blocked by p35. Crosses were carried out to generate embryos where P[52A-Gal4] drove the simultaneous midline expression of rpr, hid, lacZ, and p35. These embryos exhibited an absence of ectopic cell deaths (Fig. 3F) , demonstrating that midline cell deaths induced by ectopic rpr and hid require the functions of one or more caspases. Interestingly, the Drosophila caspase gene, DCP-1, exhibits strong CNS midline expression (29) . Expression of p35 was able to block both rpr-and hid-induced as well as normal midline cell death, as stage 16 embryos exhibited greater than normal numbers of midline cells and no engulfed midline cells were detected in phagocytic macrophages.
To analyze the developmental consequences of the rpr-and hid-induced ectopic midline cell death, we monitored ventral nerve cord organization by means of immunostaining with the monoclonal antibody BP102, which labels all CNS axons (30) . Midline expression of one or two copies of rpr or hid alone did not result in detectable axon scaffold defects (Fig. 4A-C) , suggesting that the midline cells were not only surviving but were capable of carrying out normal axon guidance functions. In contrast, in embryos where both rpr and hid were expressed, significant defects in axon scaffold organization were detected. In several segments, the anterior and posterior commissures exhibited partial fusion and the two longitudinal connectives were narrowed (Fig. 4D) . Embryos bearing two copies of both rpr and hid exhibited more severe disruption of axon scaffold organization, including fusion of the commissures in every segment and severe narrowing of the longitudinals (Fig. 4E ). This CNS phenotype is similar to that of single-minded, slit, and spitz class mutants, where some or all midline cells fail to develop or maintain their normal positions (see ref. 17) . These axonal defects imply that the death of midline cells by means of targeted expression of rpr and hid was quite rapid and occurred over a time course comparable to that seen with targeted neuronal expression of metabolic toxins, such as ricin (31) .
DISCUSSION
In this study we have analyzed the cell death functions of the rpr, hid, and grim genes in the embryonic CNS midline cells. Both rpr and hid are expressed in dying midline cells, and it will be of interest to identify the mechanisms used to regulate midline transcription of these genes. Analyses of hid null and Df(3L)XL25 mutant embryos suggested both that multiple 75C1,2 genes are required for the normal pattern of midline cell death, and that rpr, hid, and grim may all be essential. Definitive resolution of this issue will likely require isolation of specific rpr and grim mutants. The mechanism through which these genes may interact to regulate midline cell death is not yet clear. While rpr and hid were able to synergistically induce midline cell death, it is not known whether RPR and HID proteins interact directly or simply function in converging pathways. In vertebrates, the FAS and TNFR transmembrane proteins form oligomers and their cytoplasmic death domains interact with death domains present on adapter proteins that, in turn, are linked to a caspase cascade (32, 33) . The RPR protein, which possesses some similarity to death domains, is capable of forming multimers in vitro (Cerinda Carboy-Newcomb, Chia-Lin Wei, and H.S., unpublished results), suggesting that it may interact with related adapter proteins in Drosophila. However it should be noted that two recent studies suggest that the homology between RPR and vertebrate death domain proteins may not be indicative of conserved functions (34, 35 ). Neither HID nor GRIM possesses death domain homology; however, they, along with RPR, do possess a related 14-amino acid stretch at their amino termini (6, 7) . Perhaps this shared region of the three proteins allows for homotypic or heterotypic interactions among themselves, or with common intermediaries. While in vitro biochemical studies will clearly facilitate analysis of rpr and hid interactions, the requirement of both rpr and hid to kill CNS midline cells may provide an in vivo system for mapping which regions of the RPR and HID proteins are essential for their cooperative functions.
Our results confirm and extend previous findings (5-7) that multiple genes in the 75C1,2 region are required for the proper patterns of cell death during embryogenesis. By focusing on a discrete subset of CNS midline cells, we have uncovered synergistic actions of the rpr and hid genes and also found that these genes may exhibit different efficiencies in killing midline neurons and glia. Our findings raise interesting possibilities, given that (i) it was previously shown that expression of rpr, hid, or grim alone was sufficient to induce cell death in wild-type or Df(3L)H99 embryos (5) (6) (7) 9) , and (ii) synergistic functions of rpr and hid were not detected in targeted expression in the adult eye (6) . Collectively, these data suggest that different cell types may have distinct requirements for 75C1,2 cell death genes during normal development and distinct sensitivities to ectopic rpr, hid, and grim expression. Thus, in previous cell killing experiments that analyzed the effects of ubiquitous embryonic expression of these genes (5-7), it was not determined whether the same cells were killed by each gene, or whether each gene participated in the death of a distinct subset of cells. Additionally, while rpr and hid can act synergistically to induce CNS midline cell deaths, their ability to do so may depend upon specific cellular contexts. One attractive hypothesis is that these three genes may act in a combinatorial fashion to regulate cell death in different tissues.
It will also be of interest to determine the effectiveness of ectopic grim expression in killing midline cells and to analyze its potential functional interactions with rpr and hid. This is a particularly interesting question, given that ectopic grim is capable of inducing cell death at earlier embryonic stages than either rpr or hid (7) . Ultimately, additional studies of the functional interactions between these key death proteins will likely have relevance not only for the regulation of cell death during normal development and homeostasis but also for how ectopic cell death occurs during disease and injury.
